Abstract A common reaction from anyone confronted with allergy is the question: what prevents universal allergy? We will discuss recent findings in the mouse system that have provided us with clues on why allergy is not more common. We will also address one crucial aspect of atopic allergy in humans, which is absent in most mouse model systems, an IgG/IgE ratio <10. We consider the typical mouse IgE response to be more closely related to the "modified T H 2" response in humans. We will discuss the similarities and differences between the IgE and IgG4 response to allergens and an update on the IgG4 B cell, partly derived from studies on eosinophilic esophagitis and IgG4-related diseases.
Introduction
The main topic of this paper is an update of our "Current perspectives" paper [1] , in which we already discussed the exciting mouse data based on IgE reporter mice [2] that indicated the presence of IgE + B cells in germinal centers. In our paper [1] we stressed the gap between the mouse data and the atopic immune response in humans. Since that paper [2] , an important correction was published [3••] , in which the authors convincingly show that the IgE reporter system used in their 2012 paper [2] is not completely specific. They conclude that some of the IgE-positive cells were IgG-rather than IgEproducing cells. Four subsequent follow-up papers are also relevant for the interpretation of the mouse IgE reporter system data [4••, 5••, 6•, 7] . In our discussion of these studies, we will focus on aspects that are of particular interest in relation to our views on human atopy and on the relation between IgE and IgG4. For a more extensive and balanced discussion, see for example [8•] . Our second topic is the IgG4 aspect of the atopic condition: why IgE and IgG4 have much in common and yet are strikingly different. We will discuss how all the recent information on eosinophilic esophagitis (EoE) and the hyper-IgG4 syndrome (IgG4-related disease, IgG4-RD) fits as well as contrasts with our newly acquired information on the origins and fates of the IgE-and IgG4-switched B cells.
Our conceptual framework on the atopic IgE response is based on five assumptions [9] (Table 1) . Furthermore, we want to point out some textual restrictions used in this paper. (1) "Allergy" is "IgE-mediated sensitization". (2) An allergen is an antigen that commonly sensitizes. (3) When we mention "IgG1," we refer to the human isotype. Mouse IgG1 is a different type of antibody, in some ways (particularly in its T H 2 dependency) more similar to human IgG4 than to human IgG1. (4) Our focus is on IgE and IgG4 B cells in relation to the IgE immune response to allergens. We will avoid discussions on the relation between antibodies and clinical symptoms.
The canonical first step to IgE (or IgG4) is triggered by antigen exposure. A complex interplay of soluble and cellular factors determines the outcome of the interaction between antigen and the B cell receptor on the naïve B cell. Since our focus is on the B cell, we will not discuss the major influence of prior recruitment and activation of antigen-specific T cells by dendritic cells and other antigen-presenting cells and the subsequent activation of T FH . We will also ignore for the moment the diverse panel of inhibitors (cells and extracellular factors) that may modify the outcome of the interaction between the antigen and the B cell. For recent reviews on this topic, see for example [11] [12] [13] .
The decisive step on the path to IgE/IgG4 production is the class switch. It results in the production by the B cell of an immunoglobulin isotype other than IgM or IgD. Particularly for IgE it is important to appreciate that indirect (secondary) switching is possible, but only to an isotype encoded by DNA that is more downstream than the current isotype. This means that an IgG4-switched B cell can switch to IgE. A switch from IgE to IgG4 is not possible because the DNA encoding for IgG4 is upstream of the DNA encoding for IgE and is deleted during the class switch to IgE. The major impact of the discovery of IL-4 and its requirement for the IgE isotype switch was that it seemed to provide the explanation for the low level of IgE production and the uncommonness of allergy. This explanation seemed even more likely upon the discovery of many factors that could prevent the switch to IgE. It took many years before it was generally appreciated that the IgE-switched B cell is strikingly different from the IgG-switched B cells. Compared to the IgG4-switched B cell, the chances for survival are much poorer for the IgEswitched B cell. An explanation for this poor post-switch survival was provided by the low level of expression of the membrane form of IgE [14, 15] , which prevents the B cell from receiving signals needed to acquire the life expectancy of a B memory cell. The full story has not yet been unraveled, but the recent mouse data indicate that it is more complex (see below).
Update on the Major Conclusions of the IgE-Reporter-Mouse Studies: the Intrinsic and Extrinsic Problems of the IgE-Switched B Cell
Localization of the First Detectable IgE-Switched B Cells in Lymph Nodes
The lymph nodes are the traditional site to study the initial antigen-driven B cell response. Other sites, particularly mucosal tissue, are potentially more relevant for human allergy. We will discuss this later. It is now well-established that IgE expressing B cells are present in the germinal center (GC), but very transiently and only in the dark zone, as claimed already by Kelly et al. [16] , but initially not observed by others [17] . The technical problems with the identification of IgE-switched B cells by IgE immunostaining (false-positives and false-negatives) are very real and still not completely solved. One factor explaining the virtual absence of IgE-switched B cells in the Table 1 Hypothetical framework for the human IgE response
• Allergens come in different flavors, characterized by their tendency to induce not only IgE antibodies but also IgG antibodies. For some allergens, the ratio of allergen-specific IgG to allergen-specific IgE (the sIgG/sIgE ratio) is low (often undetectable) in subjects without sIgE.
The prototypic examples are the traditional atopic allergens from pollen and mites. For other allergens, the ratio is >100, and more often than not, IgG is found without demonstrable sIgE ("conventional antigens"). Prototypic examples are milk and egg proteins, cat allergen, proteins from stinging insects, and toxoids from tetanus and diphtheria. The IgE responses in most animal models are also in this category. It is not clear which factors are responsible for these two distinct patterns of antibody formation. It may be related to dose, route of exposure, etc. Because the latter type of immune response is associated with IgG4 antibodies, indicative of a T H 2 response, it has been described as a "modified T H 2 response", i.e., a T H 2 response without IgE [10] .
• The age of onset for sensitization to atopic allergens is predominant in infancy, whereas late onset sensitization in non-atopic subjects is linked to the modified T H 2 response.
• The atopic IgE response (i.e., an immune response with a low IgG/IgE ratio) is the most relevant from the allergy point of view. Because of its very modest IgG contribution, we assume that the immune response is infrequent and minimalist, i.e., without much involvement of GCs, and thus little SHM and memory B cell formation.
• Because of this minimal GC activity, IgE-switched B cells do not expand much, do hardly ever become classical memory cells, and are not so strictly subjected to negative selection.
• The IgE repertoire tends to diversify rapidly ("broad epitope spreading"). This reflects the immunological feed-forward activity of the IgE-allergen interaction: the presence of sIgE facilitates the recruitment of additional IgE B cells with different specificities. This results not only in IgE antibodies to different epitopes on the same allergen molecule, but also to epitopes on unrelated allergens that happen to be present at the same time and place.
light zone is their lack of expression of CXCR5 and thus a lack of responsiveness to the relevant chemotactic stimulus [8•] .
Cell Fate of the IgE-Switched B Cell Part 1: Premature Death
In all model systems studied, the number of IgE-positive B cells in the GC drops fast. The difference with the kinetics of IgG is interesting. During the early GC phase, the increase is similar for IgE as for IgG, i.e., the ratio IgG/IgE B cell remains constant. In the second week, however, the ratio increases due to a decrease in IgE B cells. The two obvious explanations for the loss of IgE B cells are death and emigration. Both happen. For all GC B cells, Fas-mediated apoptosis is a potentially important factor, given the high expression of Fas on GC B cells. This is assumed to be crucial for affinity maturation in the light zone, which depends on antigen-dependent rescue of B cells with a high-affinity B cell receptor (BCR) [11] [12] [13] and removal of self-reactive B cells generated during somatic hypermutation (SHM). BCR-mediated signals might be needed to receive survival signals from T FH cells and possibly other GC cells.
In addition, IgE-switched B cells are found to have a high intrinsic apoptotic tendency that does not depend on FAS expression and is not influenced by contact between antigen and the BCR. This is true not only for IgE + GC B cells but also for non-lymphoid cells transfected with the membrane form of IgE. It has been suggested that this effect may be related to some unique interaction of the intracellular tail of membrane-anchored IgE (mIgE) [18] , possibly the anti-apoptotic protein Hax1 [19] . The mIgE intracellular tail could be a sink for Hax1 [6•] .
Cell Fate of the IgE-Switched B Cell Part 2: Premature Differentiation to a Plasma Cell
During a GC reaction, IgG memory B cells are generated during the first 2 weeks. In contrast, the generation of longlived IgG plasma cells (LLPCs) requires several more weeks [7] . This situation has been established to be strikingly different for IgE B cells, which started to acquire a plasma cell phenotype already at the second week. One sign is the appearance of the characteristic plasma cell transcription factor Blimp-1 [ Factors that may be relevant for the LLPC fate in humans but have not been described in mice are the uniquely large membrane-proximal extracellular domain (MPED) of the human IgE BCR [18, 19, 21] and the downregulation of CD19, which has been shown to promote PC survival [22] .
Is the IgE B Memory Cell Relevant for IgE Antibody Persistence?
One reason why this topic is debated relatively extensively is its relation with antibody affinity. Both memory formation and affinity maturation are supposed to depend on extensive GC activity. Since IgE-switched B cells spend so little time in GCs, IgE memory might be expected to be minimal and result at best in the production of IgE antibodies of low affinity. However, this would be true only for IgE B cells directly derived from lowaffinity IgM antibodies. It has been known for some time that an alternative, indirect route to IgE B cells exists. This involves an IgM B cell switching to an IgG B cell, which subsequently (after affinity maturation) switches to IgE. Since IgE antibodies with high affinity were found in all mouse models, the indirect route to IgE-switched B cells was suggested to be a major source of IgE memory cells. Our interpretations of the currently available data are as follows: (1) true IgE memory (via direct switching) exists but is rare; (2) IgE B cell memory derived via one or more intermediate non-IgE stages is relatively common in experimental models with high antigen doses; (3) a substantial fraction of IgE in plasma is derived from IgE-producing plasma cells without any B memory cell precursor; (4) IgE B memory cells are rare in blood; and (5) persistence of plasma IgE is largely due to IgE-producing long-lived plasma cells (IgE LLPCs).
Somatic Hypermutation in IgE-Switched B Cells
While switching to IgE via the direct route leaves little time for SHM, some SHM does occur. A relevant question is: does this SHM lead to affinity maturation if these B cells avoid the light zone? The definite answer is not available yet, but the mouse data indicate that affinity maturation in IgE produced via direct switching is less effective compared to IgG, but not absent.
IgG4, the Other T H 2-Dependent Antibody
In the human immune response to allergens, two isotypes are most prominent: IgE and IgG4; most if not all allergens will induce substantial amounts of IgG4 antibodies. The prototypic human models are the immune responses to honey bee venom and food proteins. The similarity of the allergen specificity pattern of IgE and IgG4 is due to their common dependence on IL-4 as switching factor. However, the details of the IgE and IgG4 immune reactions are quite different. Upon natural exposure, IgE antibodies appear usually well before substantial IgG4 production is observed. Even in a T H 2-dominated immune response, the initial IgG subclass is usually IgG1 rather than IgG4. Only upon frequent exposure the plasma IgG4 level rises and IgG4 becomes the dominating antibody [23] .
At the time of our initial model [9] , we were not able to actually measure IgG4 B cells in blood. Our hypothesis was that the IgG4-switched B cell was a memory cell that was reluctant to develop into a plasma cell, which behavior was in sharp contrast to that of the IgE-switched B cell, which develops rapidly into a plasmablast or plasma cell. When we obtained monoclonal anti-IgG4 antibodies that were suitable for the analysis of IgG4-switched B cells [24] , we did not observe the relatively high numbers of IgG4 B cells that we expected, but numbers that were close to the IgG4/IgG total protein ratio in plasma (Table 2 ). This indicated that the chance to become an IgG-secreting plasma cell was the same for IgG4 as for IgG1. From this observation, we concluded that the late appearance of IgG4 antibodies reflected an initially low prevalence of switching to IgG4 even when sufficient T H 2 help was provided (based on the appearance of IgE antibodies). This suggested the need for additional switching factors. Because the appearance of IgG4 was dependent on chronic antigenic stimulation, which is known to evoke immune tolerance, a dependency on IL-10, possibly in combination with other tolerance-associated cytokines such as TGF-β, may provide an alternative explanation for the late appearance of IgG4.
Another difference with IgE is the lower persistence of IgG4 antibody levels, for example, following allergen immunotherapy. One possible explanation is that IgG4-producing plasma cells are produced late in the immune response and thus are less successful than IgE in finding a survival niche in the bone marrow.
The Hyper-IgG4 Syndrome (IgG4-Related Disease)
Another explanation for the lower persistence of IgG4 antibody titers is suggested by the recent data on the hyper-IgG4 syndrome, now usually referred to as IgG4-related disease (IgG4-RD). This is a serious disease caused by massive expansion of polyclonal, non-malign IgG4-switched B cells/ plasma cells, causing tissue malfunction, for example, in the pancreas (this major member of the IgG4-RD family used to be called "autoimmune pancreatitis", but no autoimmune reactivity has convincingly shown to be involved) [25, 26] . Due to some unidentified local disturbance in the pancreas or other affected tissue, IgG4-switched B cells invade the tissue and subsequently expand and differentiate to form a tumor-like plasma cells mass. The unexpected localization of this mass in the body suggests that IgG4-switched B cells may have an aberrant homing profile, possibly related to fibrosing conditions associated with the production of TGFβ or other cytokines. Based on the often fast drop in IgG4 levels following B cell depletion therapy (rituximab), the life span of the plasma cells in these unusual niches seems to be much shorter than in the bone marrow. Because the response to the therapy is incomplete, some plasma cells are likely to be more persistent, possibly because of heterogeneity of the niches in providing long-term support for survival.
IgE and IgG4 in Eosinophilic Esophagitis
EoE is a novel form of food allergy where the symptoms, as well as the low or very low IgE ab titers and the lack of response to omalizumab therapy, argue against a direct role for IgE antibodies in the disease. Several studies have suggested that cow's milk proteins play a major role. Indeed 60-65 % of children achieve a histological remission with avoidance of cow's milk proteins alone [27] . On the other hand, confusing results have come from assays of IgE to specific cow's milk proteins using Immuno Solid-phase Allergen Chip (ISAC) for IgE [28] . The results were negative, and a trial of diet based on ISAC results had to be stopped [29] . By contrast, assays of IgE to Bos d 4, Bos d 5, and Bos d 8 using immuno CAP gave positive results in ∼40 % of the sera [30] . We have recently reported that patients with low or very low titers of IgE to milk can respond well to milk protein avoidance [31] . The argument has changed with recent evidence that these subjects often have high or very high titer IgG4 ab levels to the same cow's milk proteins [32] . It is likely that the high • Rituximab induces a profound drop in serum IgG4 and IgE levels in IgG4-RD patients, suggesting that both isotypes are produced in part by short-lived antibody-secreting cells. This might reflect seasonal fluctuations in specific IgG4 and IgE levels to, e.g., grass pollen.
IgG4 antibody levels prevent sIgE binding by competition for the low amount of allergen that is available in a microarray and thus provide an explanation for the negative results of sIgE measurements based on a microarray platform. These IgG4 antibodies may perhaps reveal the milk proteins that are relevant to the pathology, but it is equally possible that a minor allergen that somehow fails to induce a protective IgG4 response is the culprit. Our IgG4 results do not provide compelling evidence that IgG4 plays a role in the pathogenesis. It seems more likely that the disease is driven by T cells that home to the esophagus and that also enhance IgG4 antibody production. On the other hand, the results of IgG4 production in EoE and also during oral immunotherapy with peanut or milk provide evidence favoring local production of IgG4. The role of eosinophils in supporting PC survival [20• ] may be relevant in this condition.
Mouse Versus Man: Different Types of T H 2 Responses to Protein Antigens
The protocols used for the investigation of the IgE response in mice produce results that differ in important ways from the prototypic atopic IgE immune response. The close to 100 % response rate in the mouse models contrasts with the less than 25 % response rate (for a single allergen) in humans. Another relevant difference is the IgG/IgE ratio, which is usually much higher in the mouse model than in atopic patients. Also, the IgE antibody response in the mouse is typically transient, whereas the atopic IgE response persists for many years. The T H 2 response in the mouse models fits much better with the T H 2 response observed initially in non-allergic cat owners that were found to have a high IgG4 response without detectable IgE (the "modified T H 2 response" [10] ) than with the atopic IgE response.
Three Levels of Epitope Spreading
A further limitation of the commonly used experimental protocols in mice is the use of a single antigen. In the atopic condition, multiple IgE responses are the rule. The initial set of antibodies is reactive with different epitopes on the same allergen. Interestingly, the IgE antibodies that are present in the plasma of an individual are by no means all directed to the same allergen but tend to be preferentially directed to several distinct allergens from the same source material and, to a lesser extent, to allergens from different source materials. Epitope spreading occurs at three levels: (1) at the level of the molecular allergen; (2) at the level of the allergen source (physically related allergens); (3) at the level of physically unrelated allergens. This "molecular atopic march" has been suggested to occur in a fixed sequence with an initiator allergen as trigger. This process occurs in parallel with the pathology-related atopic march (eczema, rhinitis, asthma) [33] .
The Mucosal IgE Immune Response
Mechanisms involved in the sensitization following the initiating event have been proposed to depend on IgE-mediated reactions at mucosal sites that generate a milieu that supports class switching and B cell differentiation without the involvement of secondary lymphoid organs. For a review of these mucosal responses, see [8•] . The post-seasonal increase in plasma IgE to pollen is an illustration of such a mucosal response. It is not a classical booster effect, because it presumably depends on prior allergen-induced mucosal inflammation and the development of (poorly organized) lymphoidal structures permitting class-switch recombination (CSR) and SHM. The post-seasonal decline of the antibodies in serum was very similar for IgE and for IgG4 (the half-life of the serum antibody levels is 100 days), despite the 10-fold longer half-life of IgG4 antibodies compared to IgE. This result suggests that the local IgE (and IgG4) plasma cells have a life span of 2-4 months (Fig. 1) , possibly related to mucosal eosinophilia [20•] .
Antigen-Independent Generation of IgE B Cells
While the maturation program of the pre-switch B cell is typically initiated by antigen exposure, B cells may alternatively develop along antigen-independent routes. In some conditions, such as bacterial colonization, or more extreme situations, such as CD4 deficiency, IgE can be produced in the absence of T cell help [35] . These B cells produce "natural" antibodies with a broad specificity and may be the precursors of isotypeswitched B cells producing antibodies to glycans such as the antibodies to the galactose-alpha-1,3 galactose epitope [36, 37] and low-molecular compounds such as quaternary ammonium compounds related to muscle relaxants [38, 39] and drugs like pholcodine [40] [41] [42] [43] .
Unusual IgE + Memory Cells in Mouse and Man
The spectrum of IgE + B cells might be broader than expected. While conventional memory B cells are CD27 + , CD27 − IgE + memory B cells have been described that had a limited replication history (3-4 cell divisions) and low SHM levels and were present in CD40L-deficient patients, supporting their origin from a T cell-independent pathway [44] . Patients with atopic dermatitis had increased numbers of CD27
−

IgE
+ memory B cells with higher SHM rates compared with those seen in healthy control subject.
Recently, a "rogue B cell" was described, a rare GC B cell that does not depend on BCR signals to survive [45] . These GC rogue B cells have a striking propensity to become IgEproducing plasma cells, particularly if they succeed in avoiding Fas-mediated apoptosis. This deviant behavior may be the consequence of the high activity of activation-induced (cytidine) deaminase (AID) in GC B cells in view of a neglected role for AID in the GC environment: next to its roles in class switching and somatic hypermutation, it has been found to be also a major factor in modifying in a semi-random fashion the "methylome" of the GC B cell [46• ].
How to Deal with Next-Generation Sequencing Information
An overwhelming amount of information on the transcriptional status of immunoglobulins in individual B cells can be obtained by a technology usually referred to as next-generation sequencing (NGS). A recent study demonstrates the feasibility to detect clonal relationships between IgE cells and other isotypes [47•] .
Starting from sequences of single B cells specific for peanut allergens, four different clonal lineages could be identified by NSG. In all cases, the lineage contained IgE and IgG1 members, in only one case were also members of other isotypes were found, including IgG4. Interestingly, successive samples during oral immunotherapy (OIT) showed a gradual accumulation of mutations for IgG4, but not for IgE. This supports the notion that IgE is predominantly produced by pre-existing long-lived plasma cells, which are not influenced by OIT.
Another study similarly identifies B cell lineages starting from allergen-specific IgE clones to a number of allergens obtained during subcutaneous immunotherapy (SCIT) [48•] . For over 30 clones, corresponding reads were obtained using NGS on samples obtained at the same time point as the specific IgE clone, whereas in 13 cases, reads could also be identified at other time points. In a few cases, reads from isotypes other than IgE were identified. It is perhaps a little surprising that so few clonally related B cells of other isotypes could be identified in these subjects undergoing SIT. This is likely in part related to the low frequency of specific clone members and illustrates that even with the current technology, the sampling depth may be a limiting factor for identifying clonal lineages. Furthermore, it may indicate that most of the clonal expansion of other isotypes, notably IgG4, is not related to allergen-specific IgE clones.
Looney et al. explored clonal relationships and lineages regardless of antigenic specificity [49•] . This led to a much larger number of identified lineages containing IgE members. In allergic subjects, the average number of identified lineages was twice that of healthy subjects. Evidence for both direct switching as well as indirect switching from all possible precursor isotypes was observed, including IgG4, but with a predominant contribution of switch via IgG1 that is much larger than the fraction of directly switched IgE clones. Interestingly, the putative directly switched IgE clones display much lower mutational frequencies compared to the indirectly switched ones.
The NGS data from non-allergic subjects are important. In the prototypic atopic patient, specific IgE is >25 % of total IgE, which is high compared to other isotypes. Yet the relatively minor differences between allergic and non-allergic patients suggests a high contribution of "background" IgE-producing cells in the NGS studies, particularly those based on B cell obtained from peripheral blood. These may have been generated by one of the above-mentioned non-canonical developmental pathways and thus be non-informative about the canonical allergenspecific IgE B cells. Additionally, some biases are hard to avoid in the interpretation of NGS data. The use of RNA as starting material skews the results in favor of plasmablasts. This problem can be minimized by sorting specific B cell subsets, but most studies use total PBMCs. Obviously, the residence time in circulation influences the chance for a B cell to be sampled. Another bias is the extent of initial and/or autonomous (antigen and T cell independent) ongoing clonal expansion. A smaller expansion of IgM precursor cells renders them less likely to be picked up compared to a more expanded IgG precursor cell population.
Conclusion
It is now firmly established that in the mouse, IgE-switched B cells (1) are briefly present in GCs (mostly in the dark zone, but Yang et al. [5• •] also find them in the light zone) and (2) expand a little in these GCs. Some develop into plasmablasts/ plasma cells well before the IgG-switched B cells do, but most IgE-switched B cells (including plasma cells) are short-lived. IgE-switched memory cells are found in some of the mouse models, but their number is small. Indirect switching is an important source of IgE-producing cells, both in the primary and in the secondary response. The current mouse models are more similar to the modified T H 2 response in man than to the atopic immune response. The latter is characterized by an early age of onset, a low IgG/IgE ratio, and persistent IgE antibody production due to long-lived plasma cells in the bone marrow niche.
Secreted IgE (i.e., as found in serum) might be of at least four types: (1) induced during sensitization in childhood; (2) adult-onset induced in a previously non-sensitized (nonatopic) subject; (3) clinically irrelevant specific IgE, for example, IgE to tetanus toxoid [50, 51] ; and (4) "baseline" IgE with no known specificity. It would be interesting to know more about the kinetics of these four types of IgE (stable or fluctuating level, transient or persistent) and the effect of pharmacological manipulation (corticosteroids, rituximab, quilizumab (anti-MPED), or anti-CD38.
The two main postulates of our 2004 model of the atopic immune response [9] still seem to hold (but are still in need of substantiation) that IgE-switched B cells are not compatible with late GCs and 2) the short residence time of directly switched IgE B cells in GCs severely limits, but does not fully prevent, clonal expansion, somatic hypermutation, and the development of IgE B memory. How does this new information help to understand why allergy is not universal? We now more clearly understand the differences between atopic and non-atopic IgE responses. In both situations, the level and timing of IL-4 production is critical. However, the induction of atopic IgE antibodies in childhood is possible only within a narrow window of antigen stimulation: just strong enough to induce IgE but not enough to initiate a fullblown GC reaction. The IgG/IgE ratio is typically low. In contrast, the adult-onset induction of IgE antibodies is more dependent on indirect class-switching and thus has a higher IgG/IgE ratio.
